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ABSTRACT
Investigation of Nonequilibrium Flow Effects in
High Expansion Ratio Nozzles

by

o

V. J., Sarli, W. G. Burwell and T. F, Zupnik

The Research Laboratories of United Aircraft Corpeoration under NASA
Contract NAS 3-2572 have performed analytical studies to investigate chem-
ical nonequilibrium flow effects in high expansion ratio liquid propellant
rocket nozzles. These studies have included analyses (a) to determine the
sensitivity of calculated nonequilibrium performance to variations in the
chemical kinetic rate constants used in the calculations (b) to establish
the limits of applicability of the Bray sudden-freezing criterion for pre-
dicting chemical nonequilibrium performance (c) to determine the effect of
variations in nozzle contour on nonequilibrium performance and (d) to de-
termine the effect of nozzle scale (i,e., thrust level) on nonequilibrium
performance. The propellant systems selected for use in these studies were
Hp-0p and Np0)-50% NpHY/50% UDMH. Also as part of this contract, the one-
dimensional finite-kinetics machine program developed as part of Contract
NASw-366 was modified to facilitate its use on the NASA Lewis Research
Center IBM 7094 computer,

The results of the studies performed under this contract indicate
that the nonequilibrium performance of both selected propellant systems
is particularly sensitive to the kinetic recombination rate for the three-
body water recombination reaction, H + OH + M 2 H,0 + M. Because of
this sensitivity, the single-reaction Bray sudden-freezing criterion is
adequate for predicting the nonequilibrium performance of these two pro-
pellant systems. However, the calculated sensitivity results also indi-
cate that a modification of the single-reaction Bray criterion may be
necessary in other propellant systems to account for energy contributions
from several cconcurrent chemical rcactions taking place during nozzle
expansion,

Additional results obtained from these studies indicate that in-
creasing the nozzle scale (thrust level) can increase the nonequilibrium
specific impulse. The relative magnitude of the performance increase is
dependent however upon the rocket chamber pressure level, The effects of
variations in nozzle contour on performance are not significant for the
propellants and operating conditions selected.
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CONCLUGLONS

1. The chemical nonequilibrium performance of the H,y-Op and No0l -50%
NgHu/SO% UDMH propellant systems is sensitive to the specific kinetic rate
constants for the water recombination reaction, H + OH + M & Hp0 + M,
Variations in this rate constant as small as plus or minus a factor of 10
about the standard value can result in the nozzle performance changing
from that for near-frozen flow to that for near-equilibrium flow,

2. The chemical nonequilibrium performance of the Ho-Op and NQOM-SO%
NoH),/50% UDMH propellant systems could become sensitive to the rates of
the hydrogen recombination resction, H + H + M & Hy + M if the kinetic
rate data considered standard for hydrogen recombination were significant-
ly lower than the true rates or if the standard kinetic rate data for the
water-recombination reaction were significantly higher than the true rates,

3. The single-reaction Bray sudden-freezing criterion can be used to pre-
dict performance results for Hp-0Op and N50)-50% IpHL/50% UDMH which are in
agreement with results based on exact one-dimensional numerical solutions
for the nonequilibrium nozzle expansion, The sudden-freezing approximation
also predicts within acceptable limits (a) species concentration except for
atoms and radicals przsent in very small amounts and (b) all thermodynamic
variables except the static temperature., Typically, the difference between
the temperature predicted by the approximate procedure and that predicted
by the exact procedure can be as much as 10% of the temperature difference
between the frozen and equilibrium expansion values, When applied to the
above propellant combinations, the single dominating reaction to be con-
sidered is the water recombination, H + CH + M 2 HQO + M,

L. The single~reaction Bray sudden-freezing criterion may not be suf-
ficiently general to predict the performance for arbitrary propellant sys-
tems, Use may be reguired of the exact one-dimension machine computation
program and/or a modified sudden-freezing analysis which permits account-~
ing for energy contributions from more than a single recombination reaction,

5. Caution should be exercised in interpreting the results of any sudden-
freezing calculation if the freezing point is located in the near vicinity
of the nozzle thrcat, To illustrate, for the Np0,-50% NoH)/50% UDMH pro-
pellant system, a shift in the freezing area ratio from 1.1 subsonic to 1,1
supersonic results in aboul a 30 percent decrease in the nonequilibrium
impulse loss (almost 5 sec). The freezing area ratio may not be certain
within the above limits due t¢ the approximate nature of the sudden-freez-
ing analysis,
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6. Design and contouring of nozzles for use with the Ho-0Op propellant
system should not be affected by chemical kinetic considerations. The
cost and difficulty in establishing a nozzle configuration based on chem-
ical nonequilibrium expansion is not warranted due to the lack of sensi-
tivity of the physical contour to inclusion of finite kinetics in the de-~
sign procedure. However, having once established a design for this pro-
pellant system, the performance of the design should be evaluated using a
procedure which incorporates chemical kinetics. The specific impulse per-
formance of propellant systems may be sensitive to nozzle scale or thrust
level depending upon the combustion chamber pressure level, The effect of
nozzle scale on nonequilibrium performance can readily be calculated for
the Hp-0p system by employing the sudden-freezing analysis,

7. Comoustion chamber inefficiencies do not have significant effect on
calculated nozzle performance within the framework of the inefficiency
model employed in this study.

8. Vibrational nonequilibrium within the N, molecules does not degrade

significansly the rocket nozzle performance of the N204-50% NoH), /50%
UDMH propellant systemn,

iv
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INVESTIGATION OF NONEQUILIBRIUM FLOW EFFECTS IN
HIGH EXPANSION RATIO NOZZLES

V. J. Sarli, W. G. Burwell and T. F. Zupnik

United Aircraft Corporation

SUMMARY

J 7/5/37 /2839
Investigations are described in this report concerning nonequilibrium
flow effects in high expansion ratio nozzles. These investigations have
been directed primarily toward determining the role that reaction kinetics,
contour geometry, and nozzle scale play in influencing rocket nozzle perform-
ance. In addition, studies have been carried out to establish the applicabil-
ity of the Bray sudden-freezing criterion for predicting nonequilibrium noz-
zle performance.

The results of the studies conducted indicate that the nonequilibrium
performance for the selected propellant systems, Hpo-Op and NQOA-BO% NgHu/SO%
UDMH, is particularly sensitive to the kinetic recombination rate for the
three-body water recombination reaction, H + OH + M = H20 + M. Because of
this sensitivity, the single-reaction Bray sudden-freezing criterion is ade-
quate for predicting the nonequilibrium performance of these two propellant
systems.

Additional results obtained from these studies indicate that increasing
the nozzle scale (thrust level) can reduce the nonequilibrium specific im-
pulse loss associated with the above propellants. The relative magnitude of
the performance change is dependent, however, upon the rocket chamber pressure
level. The effects of variations in nozzle contour on performance are not

significant for the propellants and cperating conditions selected.
A

W

INTRODUCTION

The theoretical maximum performance of high energy liguid rocket pro-
pellant systems 1is seldom realized in practice because of departures from
equilibrium flow during the exhaust nozzle expansion process. Under con-
tract, NASW—366, which was completed in September of 1963, the United
Aircraft Corporation Research Laboratories in cocperation with Pratt and

-1-
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Whitney Aircraft Division and the United Technology Center of UAC con-
ducted an analytical and experimental investigation of nonequilibrium
exhaust nozzle flows (Ref, 1). The results of this program were pri-
marily (1) an estimation of the relative importance with respect to
selected propellant combinations of nozzle performance losses resulting
from several nonequilibrium flow processes such as chemical recombina-
tion, vibrational relaxation, condensation, and two-phase flow, (2)
development of machine computational programs to treat nonequilibrium
gas-dynamic flows of reacting gas mixtures in both one-dimensional and
two-dimensional or axisymmetric exhaust nozzles, and (3) verification
of the two-dimensional computaticnal procedures by means of an experi-
ment in which the recombination of NO5 to Ngou was studied. Although
the previous work under contract NASw-366 revealed considerable informa-
tion concerning particular nonequilibrium effects in exhaust nozzles,
additional studies were necessary to facilitate the prediction and
optimization of rocket nozzle performance. These additional studies
have been performed as follow-on investigations to the above mentioned
developments under NASA contract NAS 3-2572.

The specific objectives of this work are defined under five Task
headings. The objective of Task I, entitled "Sensitivity Studies,”
was to determine the sensitivity of overall performance to variations
in reaction rates. The objective of Task II, entitled "Evaluation of
Bray Criterion," was to determine limits of applicability of the simpli-
fied Bray Criterion for estimating nonequilibrium nozzle performance.
Task III, entitled "Effect of Nozzle Contour on Performance," had as its
objective determination of the effect of convergent nozzle contour and
off-design divergent contours on overall performance., The objective of
Task IV entitled "Nozzle Scaling," was to investigate nozzle scaling
criteria, and the objective of Task V, entitled "Computer Program," was
(1) to convert the one-dimensional kinetic flow nozzle performance com-
puter program developed under contract NASw-366 to Fortran IV, and (2)
to modify the procedure in the program to permit starting at near equi-
librium conditions. A further objective of Task V was the preparation
of a manual and flow charts describing in detail the one-dimensional
kinetic flow program. This program manual has been published as a NASA
Contractor's Topical Report entitled, "Investigation of Nonequilibrium
Flow Effectsin High Expansion Ratio Nozzles, Computer Flow Manual," NASA
CR-540L42, This report is available from NASA, Office of Scientific and
Technical Information and the machine program may be obtained by con-
tacting the IBM Program Distribution Center.

D
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TECHNICAL DISCUSSION
Task I - Sensitivity Studies

The accuracy of predicted performance for rocket propulsion systems
in which chemical recombination processes may be reaction rate limited is
directly dependent on the ability to specify correctly the reaction mech-
anism for the recombination process and to determine accurately the re-
action rates of the elemental steps which comprise this mechanism. The
mechanism that is employed is usually a compromise between the many re-
actions that can be written and the few reactions which are considered to
be controlling. TFor some systems, the recombination reactions can be so
strongly dependent on one or two elemental steps that the elimination of
all other reactions does not affect the resulting calculated nozzle per-
formance.

The one-dimensional finite-kinetics computational program developed
under Contract NASw-366 and reported under separate cover as a NASA Topi-
cal Report (Ref. 2) provides the necessary flexibility in the choice of
the number and rates of the elemental reactions for the study of the rel-
ative importance of the various elemental steps. Analyses to indicate
the sensitivity of the calculated nonequilibrium performance to changes
(or errors) in the reaction kinetic data are therefore feasible using
this program, and Task I was undertaken to calculate for the H2—02 and
Ngou-50% NQHM/SO% UDMH propellants the effects of variations in the major
reaction rates on rocket nozzle performance.

Reaction Mechanism Utilized in Sensitivity Studies

The important elemental recombination reactions and reaction rate
constants for Hy-0, and NEOA'SO% NQHA/SO% UDMH propellant systems which
have been utilized for this study are listed in Table 1. The reaction
mechanisms for the two propellants have the hydrogen-oxygen reactions in
common while the reactions involving nitrogen and carbon in Table 1 are
applicable only to the N50,-50% NoH,/50% UDMH propellant. With the ex-
ception of the shuffle reaction involving the recombination of CO, the
reaction mechanisms for the recombination of the combustion products of
the two propellants are therefore similar, It is noted that combination
of the elemental reactions

Hy + (H =2 H:0 + H (1)

CO + OH = COs + H (2)

Lo
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yieldsthe well known water-gas reaction,

CO + HoO == COp + Ho (3)

The reaction rate constants for hydrogen-oxygen reactions and nitro-
gen-oxygen reactions are the same as those reported in previous studies
vy this Contractor (Refs, 1, 3 and 4). The elemental water-gas reaction
(2) and its specific reaction rate constant have been reported in Refs,

5, 6, and 7.

Lffect of Reaction Rate Perturbations on Performance

The similarity in the reaction mechanism for Hp-Oo and NpOL-50%
NQHu/SO% UDMH propellants suggests that the relative importance of the
elemental reaction steps can be svaluated using the finite kinetlc
machine program with only one of these propellants, The Ngoh-so%
NQHA/5O% UDHM propellant system was selected because it includes the
weter-gas reaction as well as the Hy-Op recombination reaction.

The sensitivity of the performance to reaction rates for the NQOA-SO%
NpHY/50% UDMH system was determined by perturbing the reaction rates of
the elemental reactions which should be controlling in the over-all mechan-
ism., These reactions ars

H+H+M= Hy + M AH§98K = -10Lk.2 (4)
O+ OH — cop +H  oEI%K - 2n.8 (5)
H+ OH+ M =Hy0 +M  AHROK - -119.2 (6)

For each reaction, three r=action rates were used and calculations were
made for two oxidizer-fuel ratios. The three rates used included the best
determination of the reii§son rate ("standard" rates listed in Table I)
and perturbations of 10 on the standard rates. The conditions for
which the calculations were performed were O/F = 1.75 and 2.25 and combus-
tion chamber pressure equal to 60 psia, in a 150 1b thrust nozzle. The
nozzle geometry is that of Configuration 1 in Table IT.

The effect of changes in reaction rates on the nonequilibrium per-
formance should be accentuated at the low pressure and thrust levels
because of increased dissociation and short nozzle residence times. If
all possible combinations of this system were calculated, it would have
taken 8 individual runs for each 0/F ratio. However, since only the rel-
ative importance of the reaction rates is of interest investigation of all

_h_



C910096-13

possible combinations of rates was not necessary, Tt was assumed that the
vacuum specific impulse was effectively a linear function of the reaction
rate, that is:

ISp =a + bx + cy + 4z

where X, y and z are the changes in the reaction rates for reactions (h),
(5) and (6) respectively, and b, c, and d are constants to be determined,
The constant, a, is equal to the vacuum specific impulse obtained using
the standard kinetic data. The method of Iatin Squares was utilized to
select combinations of the reactions whose rates wereperturbed. This
method is primarily designed to display gross effects and its application
to evaluate reaction rate effects implicitly involves the assumption of
roughly linear dependence of Isp upon the reaction rates,

Figures 1 and 2 show the performance variations for the Ngoh-SO%
NoH)Y/50% UDMH propellant system of O/F ratios of 2,25 and 1.75, respective-
1y, which resulted from the use of reaction rates that were perturbed by
factors of 101-5, Displayed on each graph (Figs. 1 and 2) are summaries of
the variations studied, along with the equilibrium, frozen and standard
kinetic flow performance results., In the display "H" indicates that the
standard forward rate was multiplied by 101.5 and the letter "I" indicates
that the standard forward rate was miltiplied by 107%+2, For each group-
ing the sequence of letters coincides with the sequence of reactions, (h),
(5) and (6) 1listed previously. The resulting coefficients b, ¢, and d
defined previously are listed below and indicate the relative effect of the
reactions on performance, The values of b, ¢, and 4 for each of the O/F
ratios studied are:

O/F

1.75; b = 0.0617; ¢ = -0.0332; 4 = 0,296

O/F = 2.25; b = 0,0780; ¢ = -0.00470; & = 0,407

For both O/F ratios, the effect of the water recombination reaction (6) is
the most important (i.e., d is larger than b or c). For the same change in
all the rates, the water recombination reaction (6) affects the specific
impulse approximately five times as much as the hydrogen recombination re-
action (4) and about nine times as much as the carbon recombination re-
action (5).

Tt is also apparent from the numerical values of coefficients that
increase in the rates of the hydrogen and water recombination reactions in-
crease the specific impulse; whereas, an increase in the rate of carbon re-
combination reaction decreases the specific impulse (i.e,, c is negative). The
fact that an increase in the rate of the carbon recombination reaction reduces
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the performance of the nozzle implies that the highly energetic three-
hody water formation reaction tends to freeze earlier during the expan-
sion as a result of increased depletion rate of OH radicals, The net
result is a decrease in energy conversion because the carbon recombina-
tion reaction is much less energetic than the water recombination re-
action due to the formation of a hydrogen atom for each hydroxyl radical
that recombines by this route, e.g., see equations (4), (5), (6).

It should be noted from Figs. 1 and 2 that the difference in vacuum
sp2cific impulse caused by adjusting the reaction rates over the specified
range is approximately five percent while the difference between equilib-
rium and frozen specific impulse is approximately eight percent,

In addition to the results presented above, certain preliminary
calculations were performed in which the standard forward reaction rates
for reactions (&), (5) and (6) were varied by three orders of magnitude.
These results are summarized in Table 3, Although the specific impulse
in Table 3 appears to be sensitive to the rate of water recombination
reaction, the deviations from equilibrium impulse were so slight in these
subsonic kinetic flow calculations that the results were considered
inconclusive, Additional sensitivity calculations were performed based
on the composite-reaction sudden-freezing analysis described in a subse-
quent section (Task II) of this report. A summary of these calculations
for the Hy-Op propellant system is given in Fig. 3. The results plotted
in Fig. 3 show the effect on performance of variations in the specifiec
reaction rates of the Ho-Op three-body recombination reactions for the
conditions specified on the graph,

As was previously observed fram exact kinetic results, the results
shown in Fig. 3 indicate that the three-body water recombination reaction
1s rate controlling for the Hy-O, system at the conditions specified.
However, the results of Fig, 3 also show that an order of magnitude in-
crease in the hydrogen atom recombination rate constant results in this
reaction assuming the controlling role (i.e., the atom recombination re-
action will freeze farther downstream than the three-body water formation
reaction) although large increases in this rate constant are required to
change the performance significantly.

It should further be aoted from Fig. 3 that a relatively small in-
crease in the water formstion constant (e.g., about one order of magnitude)
is sufficient to produce near-equilibrium performance, and a reduction of
the same amount results in near-frozen flow. A reduction in the hydrogen
atom recombination rate constant, however, has practically no effect on
performance.

-6-



C910096-13

While the sensitivity study results discussed above for the Hy-Oo and
N2Ou - Aerozine 50 propellants clearly indicate that a single recombination
reaction dominates in determining the nonequilibrium performance of the
system, it is equally clear that more than one reaction could be performance
controlling in other propellant systems or in the propellant systems studied
if the kinetic rate constants employed are in error. As was observed in
Fig. 3, depending on as small a change (or error) in rate constants as a
factor of 10, the dominant reaction can be switched from that involving
H + OH recombination to that involving H + H recombination. A factor of 5
increase in the hydrogen recombination reaction would probably result in
this reaction becoming competitive with the water recombination reaction.
It may therefore be concluded that simplified sudden-freezing techniques
such as that of Bray (discussed in Task II) should be modified in order to
account the kinetic contributions from more than one reaction,

Effect of Combustion Inefficiency on Performance

As part of the studies to evaluate the effect of variations in reaction
rate constants on performacne, several calculations were carried out assum-
ing that incomplete combustion had occurred prior to entrance into the noz-
zle and initiation of the expansion. The combustion inefficiency with which
this study is concerned involves only that type resulting from incomplete
chemical reactions such as occurs in short combustion chambers (resulting
in short residence times) in contrast to the inefficiencies arising from
non-uniform mixtures or stratification of fuel and oxidizers.

Sensitivity studies were carried out for a fuel-rich mixture of N,0
and 50% NEHh/SO% UDMH having an assumed combustion efficiency of 90% (the
temperature rise in the combustion chanber is 90 percent of the maximum
temperature rise). Because of the complete lack of reaction kinetics data
for initiation of N,0),-50% N,H, /506 UDMH reaction, it was not possible to
attain the 90% temperature rise by kinetic flow calculations via the igni-
tion delay and rapid temperature rise route in the combustion chamber,
Instead, the 90% temperature rise condition for an 0/F = 1.75 was simulated
by mixing the equilibrium combustion products of a fuel-rich stream (O/F =
1.25) and a fuel-lean stream {O/F = 4,00) at constant pressure so that the
resulting overall O/F ratio is 1.75 (fuel-rich and near the optimum 0/F for
Po = 60 psia). The mixed stream was a nonequilibrium stream with regard to
chemical composition since the O/F ratios of the contributing streams were
such that the corresponding adiabatic, equilibrium temperature rise was 90
percent of that for a homogeneous stream having an O/F of 1.75. The actual
mixing of the two streams to establish the starting conditions for the
kinetic flow expansion was considered to take place after each of the
streams was expanded separately to a predetermined pressure ratio which
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correspondd to a practical contraction ratio, This was done in order to
avold the essentially infinite time that would have been required to per-
form the kinetic integration starting from an infinite reservoir (the
combustion chamber), The conditions and composition after mixing the
streams at constant pressure were calculated assuming a one-dimensional
mixing process by solving the mass, energy, momentum, and state equations.
The conditions of the contributing streams and fully mixed nonequilibrium
stream are listed in Table L,

The 90 percent combustion efficiency calculations were carried ocut
using both the standard rate constants (Table 1) and the HHH combination
of rate constants (i,e,, the rate constants for each of reactions (L),

(5) and (6) were increased by a factor of 10*1+2 from the standard values
listed in Table 1). The vacuum specific impulse obtained using the
standard rate constants was 320 sec at an exit area ratio of LQ:1. This
compares to 321 sec obtained for the 100 percent combustion efficiency
calculation using the standard rates. The impulse for the HHH combina-
tion of rates: at the same area ratio was 328 sec for both the 100 percent
and 90 percent conbustion efficiency conditions, The results indicate
that the previously observed effects of reaction rate pertubations on per-
formance are not altered by this type of combustlon inefficiency, Also,
it is apparent that the combustion inefficiency of the type considered
does not have significant effect on the overall nozzle system performance,

It was noticed for these studies that during the early part of the
expansion after uniform mixing, the temperature gradient in the nozzle
was positive indicating that the reaction'proceeded towards equilibrium,
Based on these studies, it can be concluded that (1) the kinetics of
“homogeneous mixtures are sufficiently rapid in the convergfng section of
the nozzle to compensate for a combustion inefficiency represented by the
assumed model (i.e., too short a combustion chamber), and (2) the simula-
tion of 1inefficiency by the above model is not representative of a true
combustion inefficiency,

Further combustion inefficiency calculations are desirable for a
propellant system such as Hp-Op whose mechanism can be defined for the
combustion chamber. For such a system, mixing of the streams as described
above could be eliminated and entrance to the nozzle could be executed
analytically after a temperature rise corresponding to 90 percent of the
maximum rise was achieved. However, it would still be necessary to
assume uniform mixing and therefore the temperature rise in the early
part of the expansion probably would still be positive as above and the
continuing reactions would tend toward equilibrium, A major disadvantage
to use of this procedure lies in the fact that a high initial tempera-
ture of pure fuel and oxidizer greater than 150C °R must be specified in
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order to initiate ignition within a reasonable ignition delay period.
These starting conditions will, therefore, be unrealistic for rocket
motors. Also, for comparison, the combustion inefficiency calculations
for the HE'OQ fuel system would have to be performed by mixing two
equilibrium streams of different O/F ratios to simulate 90 percent com-
bustion efficiency as in the NEOA-SO% NEHA/SO% UDMH calculations re-
ported above,

Combustion efficiency calculations have been performed utilizing
the mixing concept for the Hg-O2 propellant at low pressures and low
initial temperatures, These calculations were required to specify the
throat conditions for the axisymmetric nonequilibrium nozzle investiga-
tions of Task III. The performance calculations have been extended
beyond the throat in a one-dimensional supersonic contour in order to
evaluate the effect of combustion efficiency for the H2-02 system as
was done for the NEOA—SO% NEHM/SO% UDMH. Figure 4 shows the effect
of combustion inefficiency on vacuum specific impulse for the H2—O2
propellant system, O/F = 5, as a result of mixing two equilibrium
streams to simulate 90% combustion efficiency for a combustion chamber
pressure of 60 psia. The properties of the equilibrium streams (O/F
= 3.82 and 20.34) and mixed stream (O/F = 5) are presented in Table 5.
The difference in performance between 90% combustion efficiency and
100% combustion efficiency results is less than 3 seconds. The sim-
ilarities between these results for HE—O2 and the performance for
NEOA-SO% Nth/SO% UDMH are not surprising since both propellants are
controlled by the same recombination mechanism.
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Task II - Evaluation of Bray Criterion

In a rocket nozzle the elementary reactions between the dissociated
species of a combustion process seldom proceed at a rate which is suf-
ficeint to maintain true chemical equilibrium throughout the nozzle expan-
sion. The greatest degree of reaction occurs in the early portion of an
expansion nezzle, where the reactant concentrations and densities are high
and the residence times are long due to moderate flow velocities relative
to those in the downstream portion of the nozzle, Important reactions in-
volving the largest energies require that at least two and often three
bodies come together "simultaneously”" to effect recombination. The
"forward" rates or recombination rates of these reactions are, therefore,
proportional to the cube (three-body reactions) of the reactive mixture
density, suggesting that significant departure from equilibrium values may
easily occur as the expansion proceeds and that very little of the heat
of dissociation (recombination) will then be converted into kinetic energy.
It is expected, therefore., that nonequilibrium chemical losses are accentu-
ated when the combustion pressures are low and reduced when the combustion
pressures are high.

Several approaches have been taken to predict chemical nonequilibrium
nozzle performance ranging from simple, crude calculations to complex
models which treat multireaction systems in one- and two-dimensional flow
fields. For example, the first simplified calculations, carried out by
Penne., (Ref. 8). allowed for flows to be classified as "near-equilibrium"
or "nmear-frozen" throughout the expansion by application of a relaxation
time criterion. The idea that the transition from equilibrium to frozen
flow occurs within a small region in the nozzle was originally discussed
by Bray (Ref. 9), who constructed a solution based on the assumption that
the kinetic reglon for the single reaction system in one-dimensional ex-
pansion nozzle terminated at a point. The nozzle flow and composition up
to the point ("the sudden-freezing-point'") could be considered in equilib-
rium while the flow downstream of that polnt could be considered constant
in composition. Discussions and applications of the Bray criterion to
nozzle performance for a number of propellant systems and nozzle conditions
have been given in previous work by this Contractor and reported in the
final report for the NASA Contract NASw~366 (Ref. 1).

The utility of the Bray analysis has been verified by investigators
for expansions in which one reaction, viz, atom recombination, takes place
(Refs. 10, 11, and 12). However, no general expansion and verification of
the sudden-freezing-point analysis has been made for multireaction systems.
For such a chemically complex system, recourse has been made to numerical
solutions of the gas-dynamic, chemical-kinetic and state equations for the
reacting gas mixture (Refs. 1-3, 5, 13, 14). The employment of exact
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solutions 1s not always justified, however, since experimental kinetic

rate data for most reactions are not avallable, and reliance on statistical
methods for calculating the rate data is prescluded by the lack of detailed
knowledge about the forces of interaction and manner of deactivation which
prevail during atomic recombinztion, The deficiencies of kinetic data com-
bined with the high cost of an exact machine solution make approximate com-
putational procedures (such as the sudden-freezing criterion of Bray) look
attractive 1f these procedures can be validated for multireaction flow
systems such as are encountered in rocket nozzles,

An evaluation of the general applicability of the Bray criterion for
estimating rocket nozzle performance and modification of the simple Bray
criterion for multireaction systems were therefore the primary objectives
of this task,

Description of Bray Sudden-Freezing Criterion

The Bray criterion is an approximate procedure for predicting the
point in a reacting nozzle flow where a reaction has departed significantly
from equilibrium. This is accomplished by determining the point at which
the forward rate of reaction becomes of the same order as the rate required
to maintain equilibrium. This concept is clarified by considering a nozzle
expansion in which an arbitrary three-body recombination reaction takes
place,

k¢

2J+M-;._-:J2+M (7)
b .

where the change of J, concentration with time and constant density is

found from phenomenological chemical kinetics (Ref. 15),
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In Eq. (8) the bracket,[ ], indicates the actual instantaneous concentra-
tion of the indicated species, k¢ denotes the forward rate constant, and
the sub-script "eq." denotes the instantaneous equilibrium values. For
near-equilibrium flow, it is clear that y- yeq <<Yeq SO that

(—QLJ—?L) << OYeq (9)
ot P
while for near-frozen flow Yeq <<y , 50 that
0 (V2] ~
<—_—dt_-- )p = 0Yeq 2> QYeq (20)

Therefore, from Eqs. (9) and L0) it can be deduced that an approximate
criterion for the freezing point of the reaction can be defined accord-
ing to '
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as previously stated, where the forward reaction rate expression, v, is
evaluated with very little loss in accuracy usingvequilibrium quantities
up to the freezing point.

The Bray criterion has been used successfully to analyze flows in
which only one reaction is energetically and kinetically important. In
Refs., 10 and 11, this approach was applied to the nonequilibrium nozzle
flow of air, assuming that oxygen atom recombination is the only important
reaction. Wegener (Ref, 12) studied nozzle recombination of nitrogen
dioxide in a nitrogen bath, in which an excellent correlation between the
experimentally observed departure point from equilibrium and the Bray
freezing point was found. However, this method of solution considering
only a single reaction may be valid only for a relatively few complex
chemical systems.

For the expansion of products of combustion in a nozzle, several
reactions must be considered if an effective point of chemical freezing
is to be found. This was clearly demonstrated in Fig, 3 and discussed in
Task T - Sensitivity Studies. Extension of Bray's one-reaction criterion
to multireaction non-equilibrium nozzle flows is not necessarily straight-
forward, unless one reaction out of the many taking place has tied up most
of the energy in the combustion process, or unless all energetic reactions
tend to leave equilibrium at nearly the same location in the nozzle. When
this is not the case, the simple freezing‘criterion can at best bracket
the actual nozzle flow parameters (by assuming that the fastest and slow-
est of the many reactions control).

Modified Bray Criterion For Multireaction Systems

The concept of a composite freezing point is based on the assumption
that an important rate-controlling species exists whose net rate of forma-
tion or depletion becomes very small as the reactions in which it partici-
pates become very slow, and that once this species has frozen at some
point in the nozzle (which will be referred to as the "composite reaction
freezing point"), all remaining species can no longer react. The problem
of finding a composite reaction freezing point reduces to determining the
kinetically, and thermodynamically, important species and reactions which
must be studied, The importance of many of the existing specles can be
evaluated on the basis of (1) their relative equilibrium compositd on values,
a mole fraction of 0.005 being & practicallower limit, (2) the energy re-
lease of the chemical reactions in which they participate, and (3) their
role in effecting the chain-breesking steps in the overall reaction mechanism.
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The reaction rate that is necessary to keep an important species in
equilibrium can easily be found knowing the equilibrium composition history
as calculated using the conservation equations, state relations, and the
pertinent Guldberg-Waage laws of mass action (Refs, 16 and 17). The re-
quired time rate of change of the concentration for component i due to
reaction only, i.e., excluding expansion effects, is

<0[Mi] ) . [pv d(X;/W) ] (12)
ot P, eq dx eq

where [Mi] =PXi/W . X; }s the mole fraction of species i, and W is the

mean molecular weight, Z:XiWﬁ . While equilibrium machine solutions

&} P . s
employ the local flow area to minimum flow area ratio (i.e., A/Apin) as
an independent variable, the axial distance, X , is a more convenient
variable since

( o[m] > . [ v d(X,-/W) ] d (A/Amn) (13)
ot P, eq d(A/A,,) e dx 3

becomes indeterminate at the minimum area (i.e., at A = Api,). Evaluation
of Eg. (12) can proceed once the equilibrium properties and a nozzle
geometry have been specified, Use of the equilibrium values for computing
the required gradients will be accurate up to the point where the first
important reaction freezes; but since the species under consideration will
usually appear in this reaction, this does not represent a severe limita-
tion on the method when one reaction is controlling or all reactions freeze
at the same location in the nozzle.

In complete analogy with the simple one-reaction Bray criterion, it
1s necessary when treating a multireaction system to compare the required
reaction rate, Eq. (12), with the total forward rate of reaction written
in terms of all reactions that meke substantial contributions to the over-
all rate of production or depletion of species. The forward reaction rate
equation for the net rate of production of species M; is

N ,
<a[Mi] > = 2 (- af) {kf~7“TEMJ°“’ (14)
ot /p j2! VK

where N is the total number of reactions, N the total number of species,
kq the forward rate constant for the jth reaction, and aj; and aﬁ the
stoichiometric coefficients of the i species in the jth reaction for the
reactants and products, respectively, when the jth reaction taking place in
the exothermic direction is written as (Ref. 15)

n 7 kf n v
% a; M == ) a; M (15)
{2 kb =)
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When a single rate-controlling reaction exists, for example, the oxygen
recombination reaction in the expansion of air up to 6000 K, Eq. (1k4) takes
the simple form

0 [m] > 5 , n a'k]
——— = e Qe M
( T A A A (36)

where M; refers to the species in the jth reaction which, in addition to
being thermodynamically important, has a large variation in composition
through the nozzle to ensure accurate differentiation of the composition
with respect to axial distance in Eq. (12). An effective freezing point
for a multireaction nozzle flow can then be defined from Egs. (12) and (1k4)
as

a [M|] d(Xi/W) " 4 ’ n Q'.

<—“‘——‘”at )p = [PV o ]eq : ’Zzl (@ - a;;) {kfj ZZ' [M,] k'} (17)
In the situation described above where one dominant reaction exists, the
right-hand side of ¥q. (17) is replaced by Eq. (16) so that this freezing
criterion reduces essentially to the simple Bray criterion. 1In any event,
it 1s clear that there can be as many freezing points as radicals or atoms
to which Eq. (17) is applied, but these points usually remain in close
proximity to one another in practice, depending on the cholce of reactions
employed in the forward reaction rate equation.

The most successful results from this composite reaction effective
freezing point analysis are achieved when only three-body reactions are
considered in evaluating the right side of Eq. (17), since bimolecular
reactions in which one or more new radicals are formed for every radical
consumed add very little energy to the flow after the three-body reactions
have frozen. Graphical solutions to Eq. (17) are easily carried out for
arbitrary flow systems, once the important reactions and species have been
ascertained, by performing graphical differentiation of the equilibrium
concentration profiles as a function of axial distance for a preselected
nozzle geometry, X = X(A7Ap ) Then for a given set of forward rate constants
and with all the equilibrium properties known as a function of area ratio,
the left side of Eq. (17) can be plotted against the right side over the
range of area ratios. The point of crossing indicates where significant
freezing has occurred,

Typical results showing the variation of the right and left hand
sides of Eq. (17) are plotted in F1g 5. These results are for the expan-
sion of Hp-Op products of combustion from 60 psia and an O/F ratio of 8
using nozzle configuration 1 of Table 2 and several reaction combinations.
Based on the depletion of the hydrogen atom, freezing of the atom recombina-
tion reaction

H+H+ M = Ho + M (18)
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is seen to occur first, while the three-body water formation reaction
H+OH +M = HO + M (19)
freezes farther downstream. Considering a composite reaction rate for
the consumption of hydrogen atoms, found by adding the kinetic rates re-
sulting from the reactions (18) and {19), the freezing point is seen to

move slightly farther downstream in the nozzle.

Comparison of Sudden-Freezing and Exact Kinetic Performance Results

Performance Results from simple Bray Freezing Analysis

The specific impulse of H,-0,, and N,0),-50% UDMH/50% N,H) for a
range of O/F ratios, and combustion pressures are presented in Figs., 6-13.
In each case, the assumed controlling reaction, the freezing point location,
and the resulting Bray performance Iy Vs A/Amin are indexed. In addition
to the Bray performance curves, the results of shifting equilibrium, frozen
and full kinetic flow are shown on each cf the graphs, The reaction mech-
anisms and rate constants for the H,-0, and NQOM-SO% NgHu/SO% UDMH system
applicable to the analysis are given in Teble 1 (nitrogen and carbon re-
actions are deleted for Hy-0, system). From these figures it is seen that
the selection of the three-body water recombination reaction (19) as rate
controlling leads to satisfactory agreement with the exact kinetic flow
solutions, Also it is evident from Figs. 6-13 that agreement in predicted
performance is unsatisfactory for any other arbitrarily assumed controlling
reaction. Depending on the particular reaction selected, the performance
level which can be attained spans a large fraction of the range bounded by
frozen composition expansion and equilibrium composition expansion. The
performance is somewhat more sensitive to the choice of controlling reaction
for the N,0)-50% NoH) /50% UDMH system (Figs. 10-13) than for the H,-0, sys-
tem. It is obvious from these figures that arbitrary choice of the single
controlling reaction can be complicated by lack of knowledge concerning the
important reactions and species to be considered., This is particularly
true for propellant systems for which the mechanism and rates are not as
well known as those for H2-02 and the water-gas reaction.

When the combustion products of a typical rocket-propellant system
are expanded through a nozzle, several chemical reactions must take place
in order to maintain chemical equilibrium, In general, more than one of
these reactions may involve a significant fraction of the total energy
change throughout the nozzle. If sufficient information is available for
a detailed analysis of the chemistry, it is usually found that a ma jor
portion of the chemical energy release in the flow is controlled by one or
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two elementary reactions. When there is only one controlling reaction, or
when the controlling reactions are dependent or have nearly the same freezing
point, it is possible to apply the Bray sudden-freezing method directly. When
the freezing points of the controlling reactions are widely separated and the
controlling reactions are independent, the Bray sudden-freezing method may be
used to establish the limits of performance attainable,

The significant generalities that can be deduced from Figs. 6-13 are
that the hydrogen recombination reaction, H4H + M == Hy + M, freezes first
in the expansion and the two-body reactions such as

Ho + OH &= Hx0 + H
CO+ OH = COp» + H

freeze well downstream of the throat region. From the studies performed
it appears that as long as OH radicals are present in the gas mixture, OH
recombination will occur well into the divergent section by two-body re-
actions. However, atomlc hydrogen is correspondingly formed and can be
consumed only by the hydrogen recombination reaction and water recombina-
tion reaction, H + OH + M = HpO + M. Bacause the hydrogen recombination
reaction freezes first, the amount of energy that can ultimately be re-
covered from hydrogen atom reactions is very strongly dependent on the
freezing point of the three-body HpO recombination reaction. This was
shown to be the case in the sensitivity studies and therefore it is not
surprising that the Bray analysis does indicate that better performance
agreement relative to the full kinetic solution is obtained when the water
recombination reaction is assumed controlling.

e s r el mrcc e A e et el X 2w 33 PRI p g SR P & A~ PR £ S P b D B et

A simplification in selecting the rate controlling reaction and
potentially better agreement with exact analysis are obtained by utilizing
the composite-reaction freezing point of the hydrogen recombination re-
action and the water recombination reaction since both reactions compete
for hydrogen atoms through part of the expansion, The results utilizing
the composite-reaction freezing point are included in Figs. 6-13. It
should be noted from these figures however, that for the propellants and
conditions of this report, the inclusion of both the three-body reactions
for predicting a composite-reaction freezing point gives the same results
as were obtained by considering the depletion of hydrogen atoms by means
of the water recombination reaction (19) alone. These results are also in
good agreement with the exact kinetic performance predicted by the one-
dimensional program. Again this is not surprising since it was shown in
the sensitivity studies that large variations in hydrogen atom recombination
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rate constant, relative to the water formation rate constant, were required
to influence performance.

It should be noted that, for other propellant systems, (e.g., hydro-
carbons in combination with fluorine and oxygen), where two or three re-
actions are of equal significance the dominating role cannot be readily
assigned to a single reaction and slight variations in the specific reaction

rate may shift the dominant role from one reaction to another.

The individual three-body reactions are not expected to freeze at
exactly the same location in the nozzle, so a single reaction will consume
atoms and/or radicals and release energy in the flow after the other re-
actions have, for all practical purposes, ceased, The single-rate control-
ling reaction is automatically included in the composite-reaction sudden
freezing analysis., The advantage and utility of this freezing analysis
is in part a consequence of this fact, since attempts to guess the rate-
controlling reaction in multireaction nozzle flow systems are rarely suc-
cessful for all conditions of combustion pressures and O/F ratios.

The indications are that (1) the hydroxyl radicals continue to scavenge
the hydrogen atoms releasing energy long after the atom-atom recombination
has ceased, and (2) that the bimolecular reactions forming hydrogen atoms

H> + OH == Hy0 + H
and
CO + OH

I

Cop + H

which freeze far downstream, must not be considered in the composite-reaction
sudden-freezing point analysis., The inclusion of bimolecular reactions would
lead to near-equilibrium flow in every instance as a result of grossly mis-
representing the location of the composite-reaction freezing point. There-
fore, the amount of energy added to the flow is a far more important consid-
eration in assessing the importance of reactions for performance calculations
than is the rate at which any single species is consumed or formed in all the
reactions in which this species might participate. It is noted from Figs.
6-13 that the performance predicted by utilizing the composite-reaction freez-
ing technique and the three-body recombination reactions generslly is in
agreement with or slightly lower than the exact kinetic flow calculations.
The lower results are due to elimination of the energy contributions of the
two-body reactions and the abrupt changeover from a shifting equilibrium
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gas model to an invariant composition model at the freezing point., The
real gas model (kinetic flow), of course, is one of continuing reaction
throughout the expansion.

A note sbout the third-body concentrations [M] used in Eq. (7) is in
order, These were taken to be P/ W, Xy =1 , in conjunction with an
average forward rate constant which favored molecular third bodies (Refs.

4 and 18), since these far outnumber the atoms and radicals present under
the conditions considered., This simplified approach is tantamount to
neglecting the different efficiencies of the various third-bodies for
promoting recombination, but since the magnitude and temperature dependence
of chemical kinetic data are not accurately known in most cases, no great
loss in accuracy is incurred.

- - o = o e - vt e = = e S5

The basic role which the composite reaction serves is to predict an
effective freezing area ratio, beyond which all reactions cease, To il-
Justrate the interesting way in which this is related to overall nozzle
performance, Figs. 1k and 15 have been prepared for the NEOM'SO% NEHM/SO%
UDMH, and H2-O2 systems at different Cchamber pressures and stoichiometries,
and show the variation of specific impulse between frozen and equilibrium
limits as a function of the freezing area ratio. The dependence of the
"nonequilibrium impulse parameter" on chamber pressure is seen to be very
weak, even between the extreme pressure limits presented. However, this
parameter is critically dependent on O/F ratio as a consequence of the
greater amount of expansion required to recover an equivalent percentage
of the heat of combustion with increasing flame temperatures,

The very large slopes of all these curves in the throat region suggest
that if means are available for preventing chemical freezing near the noz-~
zle throat (e.g., by catalyzing a rate-controlling reaction or by changing
the particular nozzle contour in this region), significant improvements in
performance can be realized when the values of frozen and equilibrium im-
pulse are appreciably different. The recovery of energy as the freezing
point location shifts from a slightly subsonic to a slightly supersonic
area ratio can shift the performance from near frozen to near equilibrium.
This marked dependency of performsnce on the freezing point location in
the throat region suggests that caution be employed in the interpretation
of results of the approximate sudden-freezing calculaetion. This is

~-18-



€910096-13

evident because no sudden cessation of all chemical reactions occurs and
the freezing criterion used may thus be ineffective for some propellant
systems in predicting the point beyond which appreciable chemical energy
addition to the flow stops. The suggestion is that exact calculations
should be performed for those cases where sudden freezing occurs at or
near the nozzle throat (e.g., between area ratio 1.1 subsonic and 1.1
supersonic).

It is of interest to compare other gas-dynamic and thermodynamic
variables obtained by the approximate and exact analysis. Heretofore,
the only comparison of exact and simple Bray solutions was carried out
by Lordi (Ref. 19) for the restricted case of pure oxygen and hydrogen
nozzle flows, in which the only variable compared was the degree of dis-
sociation of the pure diatomic gas. In Figs. 16-19 selected parameters
are presented for the N0 -50% NéHh/SO% UDMH system at 60 psia and an
O/F ratio of 2.25. Equilibrium profiles are included to show the sensi-
tivity of the particular parameter to nonequilibrium effects. The de-
pressed values of temperature (Fig. 16) relative to the full kinetic
solution are a result of omitting the entropy production and heat release
caused by chemical reaction beyond the effective freezing point. The
large difference between the frozen and equilibrium pressures indicates
that results of the approximate analysis agree quite well with the re-
sults of the full kinetic solution (Fig. 17). The concentrations from
the approximate analysis, however, do not agree with the results of the
full kinetic solution as well as desired for all species included in
Figs. 18 and 19. In particular the hydrogen atom and hydroxyl radical
concentrations (Fig. 18) which are extremely important intermediate
species in the recombination mechanisms vary by as much as 2.5 to 8
times the concentrations calculated for the full kinetic solution at
area ratios, A/Amin = 50. This may not be important as far as specific
impulse is concerned because the concentrations are extremely low at
the cited area ratio. These results illustrate that although the over-
all performance (Isp) reported previously (Figs. 4-11) for the same
conditions agreed within one percent for composite-reaction freezing
point analysis and exact kinetic calculations, important individual
properties are not in as good agreement. This points out the poten-
tial difficulties and errors associated with attempting to extract
kinetic results from overall performance data.
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Vibrational Relaxation

The energy stored in the excited states of a system is redistributed

during the thermodynamic relaxation processes at some finite rate until

the population of the energy levels is at equilibrium for the environmental
temperature and pressure. If equilibrium of the excited levels is not
attained at each of the pressure and temperature conditions established
during nozzle expansion, the specific heat or sensible enthalpy of the
gases is not correctly defined by the equilibrium temperature condition.
The loss in sensible enthalpy, as a result of energy stored in excited
states, cannot be converted into directed kinetic energy and rocket thrust.

A technique similar to the Bray freezing criterion for chemical re-
combination was assumed satisfactory to establish the region in a nozzle
expansion when nonequilibrium vibrational relaxation is significant with
respect to nozzle performance, An outline of the freezing point analysis
for vibrational relawation appears in Ref, 20 and 21 and was dliscussed by
this Contractor in the Final Report for Contract NASw-366 (Ref. 1),

The vibrational relaxation freezing point is very sensitive to pres-
sure level and diluent gas composition. The pressure effect is to be
expected since the number of collisions that a given molecule undergoes
is directly proportional to the density of the gases and consequently the
relaxation times are reduced proportionately., The composition effect is
most pronounced when water is present even in small amounts. Water re-
duces the No relaxation times by as much as three orders of magnitude.
Nozzle size also has an effect on the location of the vibrational freez-
ing point. ILarge nozzles result in increased residence time and thus
are favorable to the reduction of vibrational nonequilibrium losses. In
view of these facts, the maximum effect of nonequilibrium vibrational
losses should occur at low combustion pressure in small expansion nozzles
when the vibrational relaxation time of nitrogen is a maximum (presence
of water is neglected).

The present studies utilizing a fuel rich N504-50% NoH)/50% UDMH
mixture at & low combustion pressure of 60 psia (nozzle configuration 1
of Table 2) indicate that No molecules freeze vibrationally at the noz-
zle throat when these No molecules see only other Np molecules, Freezing
of the Np molecules occurs downstream of the throat region in the presence
of HoO molecules. The conditions (combustion pressure = 60 psia, O/F =
1.75) selected for the present vibrational relaxation studies were the
same as those utilized for the one-dimensional kinetic flow calculations,
and the vibrational relaxation times for No were obtained from Ref., 22,
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Performance calculations based on one-dimensional kinetic flow analysis
and uncoupled vibrational relaxation indicate that losses in performance in
excess of those already reported for kinetic flow were less than 1% (i.e.,
less than 3 seconds at A/Apin = 50). The performance (vacuum specific im-
pulse) is therefore approximately the same as that reported for the full
kinetic flow without vibrational relaxation given in Figs. 6-13. The per-
formance calculations with uncoupled vibrational relaxation involved the
full multireaction kinetic flow calculations to the No-vibrational mode
freezing point. At this point the specific heat of diatomic nitrogen was
fixed at & value of 6.96 BTU/lb-mole x OR which corresponds to the specific
heat for nitrogen with no vibrational excitation (rotational and transla-
tional modes are fully excited). The energy which was stored in the vibra-
tional mode at the freezing point was considered to be retained by the
nitrogen throughout the remainder of the expansion, The full kinetic-flow
calculation was continued to the nozzle exit,

On the basis of the calculations performed, it can be concluded that
vibrational effects of diatomic nitrogen in the combustion products of
NEOM—SO% UDMH/50% NoilL, propellant are negligible in rocket performance
calculations even for low combustion pressures (60 psia).
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Task III - Effect of Nozzle Contours on Performance

In order to understand and to perfect techniques for predicting the
performance of exhaust nozzles with reactive gas flows and/or for
designing optimum nozzles with reactive gas flows, it is necessary to
establish the effect of both convergent and divergent contours on the
performance. Evaluation of these effects requires at least in part that
investigation be carried out in two-dimensional or axisymmetric flow
fields. This has been done by performing axisymmetric nonequilibrium
and equilibrium nozzle performance calculations in selected optimum con-
tours at high pressures (300 psia) and low pressures (60 psia). The
optimum contours were selected from a family of nozzles designed for
both shifting equilibrium and kinetic flow. In order to perform these
investigations, both performance and design procedures treating two-
dimensional flows in reactive gas mixtures were required. The pro-
cedures used were those developed under Contract NASw-366 and included
analysis with two, two-dimensional/axisymmetric decks. These decks are
described in Ref. 1. The first of these decks, the so-called "performance
deck," has been used to determine the flow field associated with a given
supersonic contour and prescribed conditions for the flow entering at
the throat. The second deck, the so-called "design deck," has been used
to determine a family of modified perfect nozzles from which optimum
nozzle contours are selected by truncation.

The modified perfect nozzles selected for the current study are
nozzles having axial exit flow but not necessarily uniform speed (in
view of the different residence times for gases flowing along the
various principal streamlines). The design of these nozzles involves in
part the method of characteristics construction procedure used in much
the same manner of conventional construction of perfect nozzles. The
reaction kinetic equations are integrated forward along provisional
principal streamlines to a provisional Mach line which is determined
using frozen composition. The determination of the final Mach line, and
final locations and directions for the principal streamlines is an
iterative process. A full discussion of these techniques and modifica-
tion of the conventional characteristics construction to include reaction
kinetics is given in Ref. 1.

One-Dimensional Results for Different Convergent Contour Designs

Investigations performed under Contract NASw-366 and in the present
work have indicated that significant departures from chemical equilibrium
can occur in the convergent section of a nozzle for the Hp-0p propellant
system at low chamber pressures (O/F = 5). Purther studies with the Bray
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criterion have indicated that a sizable portion of the resulting loss

in specific impulse may be recovered by a relatively small displacement
of the freezing point, if the freezing point occurs in the transonic
region (see Fig. 15). The studies under Contract NASw-366 showed that
appreciable changes in throat contour did not substantially alter the
nozzle performance. It appeared, therefore, that a significant improve-
ment in rocket nozzle performance might be achieved by a careful design
of the subsonic section of the nozzle.

Two widely different convergent contours were selected with essen-
tially the same divergent section (see Table 2 - Configurations 2 and 3)
and the performance was calculated for each using the one-dimensional,
kinetic~flow computer program, The results of these calculations are
shown in Fig. 20 where the vacuum specific impulse 1s plotted against
the area ratio. It is obvious from this figure that the difference in
the specific impulse for the two nozzles is quite small, amounting to
less than one-half percent, with the shallow convergence nozzle indi-
cating only slightly better performance. The longer residence time
achieved with this nozzle did result in some differences in thermodynamic
properties and concentrations at the minimum area (see Table 6). As
would be expected, the longer nogzzle was closer to equilibrium as evi-
denced by the difference between ~ and 7p and by the reduced mass
flow rate. The significance of this difference is discussed in Ref. 1.
This, however, was not reflected in the vacuum specific impulse. It
should also be noted that as a practical matter the increase in length
would increase the friction losses and the net result could easily be a
reduction in performance when compared to the shorter nozzle. Based on
these results it was felt that for this propelliant system the design of
the convergent section should not be based on chemical kinetic
considerations.

Axisymmetric Results for RL-10 and NASw-366 Nozzle Designs

Analytical studies to determine the effect of the gas model on
nozzle performance for both high and low chamber pressure Hp-Op propel-
lant systems were conducted using the RL-10 contour for the high
Pressure (Pc = 300 psia) investigation and the nozzle designed under
Contract NASw-366 for the low pressure {60 psia) studies. The configur-
ations of these nozzles are shown in Fig. 21. For both nozzles, three
gas models were investigated: viz, kinetiec fiow with 100 percent com-
bustion efficiency; kinetic flow with S0 percent combustion efficiency;
and shifting equilibrium flow with frozen sound speed. The latter
model, while known to be analytically inconsistent (the proper sound
speed is the equilibrium sound speed)? was considered initially to

.
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approximate the extreme kinetic solution where the reaction rates are
fast enough throughout the expansion to permit the thermodynamic proper-
ties to approach their equilibrium value while the sound speed remains
frozen. If this were the case, this model could give a rapid method of
calculating the maximum performance attainable with reacting gas flows.
This, however, is not the case; the inconsistency in the model manifests
itself in such a way that the continuity equation is not satisfied in
the analytic model. As a result the performance calculated using the
equilibrium composition with the frozen sound speed is considerably
below that calculated kinetically for the low pressure nozzle (see

Fig. 22) and is also below the equilibrium performance calculated for
the high pressure nozzle (see Fig. 23). It can also be seen from the
figures that the percentage difference in performasnce increases with
increasing area ratio and as such the equilibrium composition-frozen
sound speed model would be particularly poor for large area ratio
nozzles.

The 90 percent combustion efficiency model was used in the axi-
symmetric, kinetic flow computer program for the NASw-366 nozzle and the
flow field was calculated until the end of the circle body (XI/RO equals
approximately 1). Here the flow field and the pressure and temperature
distributions (see Fig. 24) were compared tc those calculated for the
100 percent combustion efficiency model. While the temperature dis-
tribution and the species concentrations showed some small differences
between the two models, the pressure distribution and flow field were
very similar., Since the performance contribution of the supersonic
portion of the nozzle is given by the [pdA, it was felt that further
calculation was unnecessary since the performance of both models would
be effectively the same and the result would duplicate what had been
found previously with one-dimensional calculations -- i.e., little or
no performance difference due to a combustion inefficiency. Similar
observations were made in the case of the high pressure RL~10 calcula-
tion, with the results of one-dimensional calculations up %> a slightly
supersonic Mach number showing coniy minor differences arising from use
of the 90 percent and the 100 percent combustion efficiency models.
Several axisymmetric Mach lines were calculated for both efficiencies,
and thelr similarity supported the conzlusion that no performance
differences are cbserved between the results of the G0 percent and
100 percent combustion efficiency calculations. Since the nozzle flow
was essentially in equilibrium for both calculations, an excessive
amount of time would normally have been reguired tc complete the kinetic
axisymmetric integrations, In order to verify these conclusions an
additional one-dimensional calculation was made using the 90 parcent

combustion efficiency model and an arca varistion that represents that
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of the outer stream tube of the RL-10 nozzle. The performance from this
stream tube calculation is compared to the equilibrium performance for
the stream tube in Fig. 25. As is evident in Fig. 25, even for this
stream tube which undergoes more rapid expansion than any other in the
nozzle, the performance is close to equilibrium.

It should be pointed out here that the above results cannot be
generalized. The Hy-0Op propellant system is not a typical one since
there is only about a 4 1/2 percent difference (about 20 sec at optimum
O/F ratio at 300 psia) between the equilibrium and frozen performance
(HQ-FQ has a difference of about 11 1/2 percent or 55 sec for the same
restrictions). The similarity between the 100 percent and 90 percent
combustion efficiency results would probably not carry over to propel-
lant combinations such as Ho-Fp which exhibit large differences between
equilibrium and frozen performance.

Axisymmetric Results for Different Assumed Gas Models

Two axisymmetric nozzles were designed for the same exit ares ratio
to be used with the Hé—02 propellant system at an O/F ratio of 5, and
a chamber pressure of 60 psia. One of these nozzles was designed for
an equilibrium gas model (i.e., equilibrium gas composition and equilib-
rium sound speed) while the other was designed for a frozen gas model
(i.e., frozen gas composition and frozen sound speed). Figure 26 shows
the contours of the two nozzles. The difference between the two con-
tours results from the fact that flows with lower effective gammas
(equilibrium) must turn through a greater expansion angle to achieve
the same Mach number as achieved by flows with larger effective gammas
(frozen). At the same time, for the same area ratio, the Mach number
is lower for the lower gamma. While these two effects oppose each other,
the net result is that the axisymmetric nozzle designed for a lower
gamme, (equilibrium) will have a greater initial expansion and will be
shorter than an axisymmetric nozzle designed for a larger gamma (frozen)
with the same area ratio.

The vacuum specific impulse calculated for these two nozzles is
shown in Fig. 27. It is evident that the performance calculated for the
equilibrium designed nozzle is quite different than that calculated for
the frozen nozzle even though the difference in physical contours is
small (see Fig. 26). However, if the performance using the reverse gas
model in both nozzles (i.e., equilibrium flow in frozen design nozzle
and frozen flow in the equilibrium design nozzle) is compared to the
performance using the correct gas model, there is little effect due to
the physical contour.
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Task IV - Nozzle Scaling

Previous experience has indicated that performance of exact kinetic
calculations for multireaction gas mixtures over a wide range of condi-
tions and variables can involve excessive costs., This problem is a
consequence of the relatively slow process of integrating the equations
when near-equilibrium conditions exist in the flow. The problem is
aggravated in large scale nozzles for which residence times are rela-
tively long and near-equilibrium calculations prevail over a longer

fraction of length.

Since it 1s desirable to establish the effect of chemical kinetics
on the performance of geometrically scaled nozzles, the analytical tech-
niques investigated and employed in Task II of this report were used in
conjunction with the one-dimensional kinetic flow computer program,

The one-dimensional program was used to calculate the performance
of a geometrically scaled RL-10 rocket nozzle for thrust levels of 150,
1500 and 15,000 pounds. These calculations were performed for Ho-Oo at
an O/F of 5 and a chamber pressure of 300 psia. Thrust levels of 150
and 15,000 1lbs were investigated for a chamber pressure of 60 psia.
The modified Bray analysis was also employed to investigate the per-
formance for the same conditions and for additional thrust levels as high
as 1,500,000 1bs and combustion pressures as high as 1000 psia.

The results for the 300 psia chamber pressure at thrust levels from
150 to 1,500,000 lbs of thrust are presented in Fig. 28. The curves
shown include the results of calculations from both the kinetic-flow
and composite-reaction sudden freezing analysis, The results indicate
that performance improves as nozzle size is increased, Although the
change in performance with scale from 150 to 15,000 1lbs is slight, it
is interesting to note that the sudden-freezing criterion not only cor-
rectly predicts this trend but also predicts the actual performance
level obtained from the exact kinetic flow calculations. Also of
interest is the fact that the performance results for 150,000 and
1,500,000 1bs thrust (from composite-reaction, sudden-freezing calcula-
tions) indicate no improvement in specific impulse above that for the
15,000 1lbs thrust level, The extremely small variation in specific
impulse with thrust is due to the high combustion pressure which is
evidently sufficlently high to maintain the expansion near equilibrium,

Figure 29 presents the results of the kirnetic and modified Bray
calculations for a pressure of 60 psia at thrust levels of 150 and
15,000 1bs, As is evident in Fig. 29, the results of the modified Bray
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analysis fall essentially along the corresponding curves calculated from
the exact kinetic analysis. In contrast to the results at 300 psia,
these low pressure results indicate a marked improvement in specific
impulse as the thrust level (scale) is increased.

Additional results of modified Bray calculations for the 60 psia
chamber pressure condition are shown in Fig. 30 for thrust levels extend-
ing up to 1,500,000 lbs. Again, in contrast to the high pressure
results, continued improvement in performance is evidenced as thrust
level is increased throughout the entire range of thrusts. A summary of
the significant scaling (variation of kinetic flow performances in terms
of specific impulse) results for this study utilizing the RL-10 nozzle
geometry (Hé-Oe propellant) for 150 to 1,500,000 1bs thrust and combus-
tion pressures 60 to 1000 psia is presented in Fig. 31. The performance
values are plotted as an energy recovery factor expressed in terms of
specific ilmpulse between the frozen and shifting equilibrium performance.
The results for 1000 psia have been evaluated utilizing only the
composite-reaction, sudden-freezing analysis. On the basis of the good
agreement between the results of the exact and approximate analytical
techniques throughout this report, it is felt that these 1000 psia
results represent the kinetic solution.

It is apparent from Fig. 31 that, for geometrically-similar nozzles,
a marked increase in the normalized specific impulse performance occurs
with increased thrust levels, particularly for low combustion chamber
pressure levels (60 psia). This is a consequence of shifting the
freezing point from the throat region to a point downstream of the
throat (see Fig. 32) and is a direct result of increased residence
times. However, it follows that increases in thrust from levels which
are already sufficiently high to establish the freezing point downstream
of the throat region will not affect the specific impulse performance
significantly (see Fig. 15). This is observed by correlating the per-
formance results in Fig. 31 with the variation in freezing point location
in Fig. 32. At the high pressures (1000 psia combustion pressure) the
changes in specific impulse with thrust level are less significant than
at the low pressures suggesting that the freezing point is downstream
of the throat over the entire thrust range, i.e., near-equilibrium flow
predominates.

These investigations suggest that the specific impulse performance
of propellant systems may well be sensitive to a minimum critical thrust
level for a given combustion pressure and that optimization of perform-
ance with respect to kinetics is related to gross thrust level.

-27-
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Task V - Computer Program

A machine computational program developed by United Aircraft Corp-
oration to treat the one-dimensional flow of reacting gas mixtures in
variable area passages has been modified under this task to facilitate
general use of the program on the NASA Lewis Research Center IBM 709k
Computer. A description of the equations, numerical techniques, general
operating instructions, and flow charts have been published in a separate
NASA Contractor's Topical Report CR-54LOL2 entitled "Investigation of Non-
equilibrium Flow Effects in High Expansion Ratio Nozzles, Computer Flow
Manual". This report is available from NASA, Office of Technical Informa
tion and the machine program may be obtained by contracting the IBM Pro-
gram Distribution Center,

General Description of Program

The exact nonequilibrium nozzle flow calculations require the simul-
taneous solution of mass, momentum, and energy conservation equations,
state and mixture enthalpy equations, kinetic differential equations for
the finite rate of production of molecular species, and atomic continuity
equations for all atoms present. These equations have been solved for
one-dimensional, inviscid, adiabatic flow, with negligible diffusion.
Solution on a digital computer by numerical means is required, since
n + 6 equations are involved in the complete solution, where n is the
total number of species present, By this method, a reaction is never
dropped in the computational procedure because of "sudden freezing" as
predicted by the Bray criterion, and in addition it is possible to treat
all reactions that are known to occur, regardless of their speed or exo-
thermicity.

The machine procedure developed for analysis of one-dimensional
chemically reacting flows is quite flexible and may be operated in
either of two modes; (1) combustion chamber, or (2) nozzle. The equa-
tion system and numerical techniques are basically the same in both
modes but there are differences in the controls and input information
necessary for each mode.

Modes of Operation

Combustion Chamber

In a combustion chamber it is assumed that the oxidizer and fuel
are individually in equilibrium and are then instantaneously mixed at
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an arbitrarily selected temperature, The resulting mixture is homogeneous
but not in chemical equilibrium. The numerical integration proceeds from
this point of mixing. The combustion chamber contour can be of the general
form A = ax + b where A is the cross-section area at any axial location x,
b is the initial area and a is the slope. The flow in the chamber may be
either subsonic or supersonic., Starting from given conditions of tempera-
ture, pressure, velocity and composition, the numerical integration contin-
ues until one of three criteria is met. In subsonic combustion if the
length of the chamber exceeds the maximum desired length or the temperature
gradient falls below a prescribed tolerance, the calculation will stop,
while in supersonic flow in addition to these, the calculation will be ter-
minated when the difference between the Mach number and unity is less than
a prescribed amount.

Exhaust Nozzle

A nozzle contour may be prescribed by any area distribution which is
input in tabular form and subsequently spline-fitted. The starting point
of the calculation may be anywhere in the nozzle where the temperature,
pressure, velocity and composition are known., The numerical integration
proceeds using the given area distribution until the transonic region is
reached or until either a preselected Mach number or nozzle length is
exceeded,

Two major difficulties exist in the integrating the system of equa-
tions through a convergent-divergent nozzle that is flowing choked. These
arise from (a) the necessity of integrating the equation through a sonic
location, and (b) the significant figure loss when the flow is near equi-
librium., The Computer Program Manual, therefore, includes a set of equa-
tions transformed to facilitate calculations near equilibrium and in the
transoiic region of convergent-divergent nozzles. In addition, a descrip-
tion of the numerical techniques and the integration routines is presented
along with a discussion of round-off-error control.

Flow Charts and Formats

Extensive flow charts indicating the detailed steps employed in the
main computer program and various subroutines are included in the manual.
These should permit a computer specialist to alter the machine program
and tailor the numerical techniques for specialized systems if such al-
terations are desirable.

-09-
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Information such as input and output formats, general instructions
for the use of the program involving various combustion chamber and noz-
zle combainations, and preselected nozzle throat contours are included.
Input instructions and output format are illustrated for the recombina-
tion of the combustion products of Ho-Oo in a convergent-divergent nozzle
involving a multireaction system.
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LIST OF SYMBOLS

a Constant

a Forward rate Parameter (Eq. (8))
A’: Nozzle cross-sectional area

b Constant

c Constant

da Constant

A HR Heat of reaction

Isp Vacuum specific impulse

J Arbitrary species

kr, ki, Specific reaction rate constant, forward and reverse reactions

M Symbol representing any species
M Mach number

m Mass flow rate

N Number of reactions

n Number of species

P Pressure

R Universal gas constant
RO Throat radius

e Forward rate parameter
T Temperature

t Time
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v Velocity
W Molecular welght of species 1

Mean molecular weight

1]
; Axial distance

b'4 Change in reaction rate constant
X4 Mole fraction of species i
. Vg Concentration Ratio defined by (Eq. (8))
Yy Change in reaction rate constant
Y Radial distance
2 Change in reaction rate constant
a;;. @  The stoichiometric coefficients of the ith species in the jth reaction,

I Pt

reactants and products, respectively

Y Ratio of specific heat
\ d log p
); Defined as
d log P
P Density

Subscrigts

c Refers to combustion chamber

i, k Refers to species 1 or k

J Refers to reaction Jj
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TABLE |
‘ REACTION MECHANISM AND RATE DATA FOR
HYDROGEN-OXYGEN AND N,O,-50% N,H, /50% UDMH SYSTEM
REACTION MECHANISM REACTION RATE *
kl
|
L H, +OH =% H,0 +H k= 4.2x10° x 7" exp(-10/RT)
kb
k2
2 + i 2 _ 10
H +0, = OH+O0 ki = 5.64x10° exp(- I5.1/RT)
kb
o "3 . 0
3. H, +0 =5 OH+H kf = 1.2 x 10 exp(-9.2/RT)
kb
k4
a it 4 _ I8 _-L5
CHAHEM = H M ki = 10°x 7% exp(-103.2/RT)
kb
5
5 k¢ 5 _ 19 _-1.5
. H+OH+M =% H,0+M K = 2x10"x T exp(-114.7/R)
kb
L ] ks
6. 0+0+M = 0,+M ke = 18.5x 10°xT7%°
kb
k7
7. CO+OH == CO,+H k: = 10° exp(-10/RT)
kb
ke
6 N+ K¢ 8 _ 10 -0.5
,+0 == NO+N K = 6.71x10°(4500/7)*%xp(-38.0/T)
kb
k9
f 9 9 -0.5
S 0,+N = NO+O K = 6.8x10°(4500/ T **exp(-3.12/T)
® o
10
0. NO+ M e N+0 + 0. ° -1s
. = N+0+M ki°= 1.43 x10°(1/4500)
Kp
k”
I 0, + N, = 2NO K'= 27x10°exp(-53.8/T)
k! f

NOTE : UNITS FOR REACTION RATE DATA ARE LITER, GM-MOLE, SEC, AND °K.
ACTIVATION ENERGY TERMS ARE OGIVEN IN KCAL.

% REACTION RATES SAME AS IN REF. !
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NOZZLE

TABLE 2

GEOMETRIES EMPLOYED

IN KINETIC ANALYSES

NOZZLE r g, 6,
CONFIGURATION — F7 " DEG OEG
| 0.054014 30 20
2 0.054242 14.5 20
3 0.054035 as 20
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TABLE 3

VARIATION IN PERFORMANCE WITH REACTION RATE

Propellant: Nzoh-so% NeHh/So% UDMH
Oxidizer-fuel ratio: O/F = 1.75

Chamber pressure: P, = 60 psia

Reaction Ien (vac) @ throat
1 2 3%

H H H¥* 216.37

L L H 216.37

H L L 215.17

L H L 216.17
Standard kinetic rates 215.00
Frozen 212.05
Equilibrium 216.37

x

1 H+H+M= H, +M
2 CO + OH == C0p + H
3 H+ OH + M === Hy0 + M

**% The designation H means that the standard reaction rate is
multiplied by 103
The designation L means that the standard reaction rate is
multiplied by 103
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FLOW VARTABLES EMPLOYED IN
SIMULATION OF COMBUSTION INEFFICIENCY
FOR N50),~50% NoH),/50% UDMH

P, = 60 psia
Equilibrium Equilibrium Non-equilibrium
Stream 1 Stream 2 Mixture Stream
0/F 1.25 L.00 1.75
Mass fraction (stream) 0.667 0.333 1.00
P, psia 5k . 545 5k.545 5kh.545
T, °R 4929.2 4950.3 Lkoko
V, ft/sec 1581 1344 1502
P, 1bs/ft3 0.01933 0.02681 0.02124
Mass fraction: H 8.921 x 10-4 1.125 x 10-k 6.325 x 10-4
05 1.952 x 10-4 2.246 x 10-1 7.492 x 10-2
0 1.994 x 1074 6.010 x 1073 2.134 x 1073
OH 4.974 x 1073 2.421 x 1072 1.138 x 1072
NO 8.279 x 1074 2.509 x 1072 8.973 x 1073
€Oy, L.9k6 x 1072 1.277 x 10°1 7.552 x 1072
H, 2.548 x 102 5.238 x 10~k 1.717 x 1072
F,0 2.754 x 1071 2.138 x 10-1 2.549 x 10-1
N, L.666 x 107t 3.658 x 10~1 4.330 x 107t
o 1.756 x 1071 1.192 x 1072 1.211 x 1071
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® —

FLOW VARIABLES EMPLOYED IN
SIMUIATION OF COMBUSTION EFFICIENCY

FOR Hy-0p
P, = 60 psia
Equilibrium Equilibrium Equilibrium
Stream 1 Stream 2 Mixture Stream
‘ O/F 3.824 20.34 5.00
Mass Fraction (stream) 0.747 0.253 1.000
P, psia 56.000 56.000 56.000
) T, °R 4965.3 LoB6. T 4970.0
V, ft/sec 1888.6 1209.3 1716.8
P, 1lbs/ft3 0.010052 0.02k4522 0.01182
Mass Fraction: HO 8.793 x 1071 3.881 x 1071 7.550 x 10~1
Hy, 1.055 x 1071 6.822 x 10°% 7.899 x 1072
oH 1.188 x 1072 5%.399 x 1072 2.001 x 1072
0, 2.661 x 107% 5.564 x 101 1.410 x 107t
H 2.683 x 1073 1.439 x 1074 2.0L0 x 1073
" 0 3.490 x 107% 1.070 x 1072 2.967 x 10™3
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Comparison of Flow Properties at Nozzle Throat for Different

ft/sec
1bf/fte

R
nondimensional

1bf - sec
Ibm

1bm/Tt3

" nondimensional

nondimensional
lbm/sec

P8

mole/1b .
mix

1

Converging Section Contours

Table 6

Long Nozzle

-50-

5063
4936
5150
0.978

292.6

0.00721

1.164

0.00207

0.0496

Short Nozzle

5122
41863
5079
0,994

291.5

0.00718
1.202

1.218

0,00217

0.0495
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VARIATION OF EQUILIBRIUM AND KINETIC HYDROGEN
CONCENTRATION GRADIENTS WITH AREA RATIO FOR

H,-O, PROPELLANT SYSTEM

O/F = 8.0, CHAMBER PRESSURE = 60 PSIA

FIG. 5

NOZZLE CONFIGURATION | OF TABLE 2
a[H]|> 2 O[H]
= = -2k, [H]°[M ( 2) g -k, [H] [oH][m
(% -2 B %) ke b ol
-20 = T
E; t { i
N I
-IO === SE=Es=
2 = =
§¢-
Q -5 == = == S =
z| - — = = =
o|© E T ===
~— T —
- 8 - — =
— w 1
= -2
E '? A —_— \i T
(& ] | !
< W
e
(O] wn
g =
5 o
= =
P ]
@ 9
S =
T
2z Q
© Zls 0.2
T - .
: = E
(&) (=)
o 2
g < —OAI =
xI
©
3 -0.05
'—
«
-0.02
-0.0I

AREA RATIO, A/AMlN
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C910096-13 FIG. 17

COMPARISON OF PRESSURE PROFILES BASED ON
' SUDDEN FREEZING AND EXACT NONEQUILIBRIUM CALCULATIONS
N,04-50%N,H,/50% UDMH
0/F =225 P. =60 PSIA

(A/Apmin)Freezing = 1014
NOZZLE CONFIGURATION | OF TABLE 2
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FIG.18

COMPARISON OF ATOM AND MOLECULE CONCENTRATION PROFILES

BASED ON SUDDEN  FREEZING AND EXACT
NONEQUILIBRIUM CALCULATIONS

N,04-50%N,H,/50 % UDMH
O/F =225 P. =60 PSIA
(A/Amin)Freezing = 1-014

NOZZLE CONFIGURATION | OF TABLE 2
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" COMPARISON OF ATOM AND MOLECULE CONCENTRATION PROFILES
BASED ON SUDDEN FREEZING AND EXACT
NONEQUILIBRIUM CALCULATIONS
N,0,—50%N,H,/50% UDMH
0/F=225 P,=60 PSIA

(A/Apvin)Freezing = 11014
NOZZLE CONFIGURATION | OF TABLE 2

"NOTE: FOR [N2] C AND COMPOSITE REACTIO
RE IDENTICAL

R

MOLAR CONCENTRATION OF SPECIES i,Mj- MOLES OF i/FT3
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COMPARISON OF RL-10 NOZZLE PERFORMANCE CALCULATED
FOR EQUILIBRIUM FLOW WITH EQUILIBRIUM SOUND SPEED
AND EQUILIBRIUM FLOW WITH FROZEN SOUND SPEED

O/F = 5.0, CHAMBER PRESSURE = 300 PSIA
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FIG. 3l

EFFECT OF THRUST LEVEL ON NONEQUILIBRIUM PERFORMANCE
IN RL-10 NOZZLE FOR VARIOUS CHAMBER PRESSURES
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FREEZING AREA m\Tno.(M\mm)FR

FIG. 32

EFFECT OF THRUST LEVEL ON FREEZING POINT
IN RL-10 NOZZLE FOR VARIOUS CHAMBER PRESSURES
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